improve the outcome of high-risk neuroblastoma patients (7) (8) (9) . George et al. (7) and Sung et al. (8) carried out a single arm trial of tandem HDCT/ASCR as consolidation therapy and reported improved long-term survival with acceptable toxicity. Kletzel et al. (9) also conducted a single arm trial of triple tandem HDCT/ASCR and reported improved survival. These studies demonstrated that further dose escalation might result in additional improvements in the EFS of high-risk neuroblastoma patients. However, there is no study that has compared the efficacy of single and tandem HDCT/ASCR for the treatment of high-risk neuroblastoma. Therefore, the present study retrospectively compared the efficacy of single and tandem HDCT/ASCR and showed that the tandem HDCT/ ASCR strategy might be better than the single HDCT/ASCR strategy in terms of the EFS in patients with high-risk neuroblastoma.
MATERIALS AND METHODS

Patients
From January 2000 to December 2005, patients with newly diagnosed stage 4 neuroblastoma over 1 yr of age at diagnosis were enrolled in the Korean Society of Pediatric Hematology-Oncology (KSPHO) registry. In the present study, the patients who were assigned to receive single or tandem HDCT/ ASCR at diagnosis, as consolidation therapy after induction therapy, were analyzed to investigate the efficacy of tandem HDCT/ASCR compared to single HDCT/ASCR. Patients who were assigned to receive HDCT/ASCR after relapse or progression were excluded from this analysis. Samsung Medical Center Institutional Review Board approved the present study (2008-07-002 ).
Assessment of disease status
The diagnosis of neuroblastoma was made based on either histological examination of tumor specimens or bone marrow infiltration with neuroblastoma cells and elevated urine catecholamine levels. The extent of the disease was evaluated using computerized tomography, a technetium-99 ( 99 Tc) bone scan, bilateral bone marrow aspirates and biopsy specimens, and an iodine-131 or 123-metaiodobenzylguanidine scan; the patients were staged according to the international neuroblastoma staging system (INSS) (10) . However, the N-myc copy number and tumor karyotype were not routinely evaluated.
Induction therapy
A variety of chemotherapy regimens were employed for induction treatment (Table 1) . Definitive surgery was usually performed after 3-6 cycles of preoperative chemotherapy, except for those patients who had surgical resection of their primary tumor before the administration of induction chemotherapy. After surgery, 1-5 cycles of postoperative chemotherapy was given prior to HDCT/ASCR. Radiotherapy was given to patients with gross residual tumor after surgery. However, in a few centers, radiotherapy was given to all patients regardless of the resectability of the tumor. The timing of radiotherapy was after surgery or after HDCT/ASCR. Peripheral blood stem cells were usually collected during the recovery phase after chemotherapy following surgery.
HDCT and ASCR
After the completion of induction therapy, the patients underwent single or tandem HDCT/ASCR as consolidation treatment according to the assignment at diagnosis. Patients with tumor progression prior to HDCT/ASCR received salvage treatment and patients whose parents refused to proceed to HDCT/ASCR for fear of toxicity and death were treated with conventional chemotherapy alone. A variety of HDCT regimens were employed (Table 1 ). In the tandem group, a second HDCT/ASCR was usually given if the platelet count exceeded 50×10 9 /L after the first HDCT/ASCR without a transfusion requirement and with no evidence of significant organ dysfunction. Approximately half of the collected stem cells were infused for marrow rescue at each HDCT session.
Post-HDCT treatment
Patients who underwent HDCT/ASCR received 13-cis-retinoic acid for the possible minimal residual tumor cells. Dif- ferentiation therapy with 13-cis-retinoic acid was usually initiated 60-90 days after the last HDCT/ASCR. Some patients received immunotherapy using interleukin-2 according to the physician's judgments. In some centers, local radiotherapy was given after the HDCT/ASCR.
Response criteria
The international response criteria were used to evaluate the treatment response (10) . Briefly, complete response (CR) was defined as no identifiable tumor with normal catecholamine levels. Very good partial response (VGPR) was defined as a decrease in the primary tumor by 90-99% with normal catecholamine levels with or without any residual 99 Tc bone changes. Partial response (PR) was defined as a reduction of the primary tumor and metastatic tumor by more than 50%. Stable disease (SD) and minor response (MR) were responses of less than 50%. Progressive disease (PD) indicated progression at any preexisting tumor site or appearance of a new lesion.
Statistics
The survival rate along with the 95% confidence interval (CI) was estimated using the Kaplan-Meier method. An event was defined as the occurrence of a relapse, progression or treatment-related mortality (TRM). The differences in the survival rates between the two groups were compared using the logrank test. The differences in the frequencies of the clinical and biological factors between the two groups were compared using the Pearson chi-square test. The differences in the levels of tumor markers were compared using the Mann-Whitney U test. The differences in the ANC and platelet recovery between the first and second HDCT/ASCR were analyzed using a paired t-test. Multivariate analyses including the prognostic factors at diagnosis for EFS were performed using the Cox regression analysis. P values <0.05 were considered significant.
RESULTS
Patient characteristics
From January 2000 to December 2005, a total of 161 patients over 1 yr of age at diagnosis with newly diagnosed stage 4 neuroblastoma were enrolled in the KSPHO registry by 24 hospitals. A total of 141 out of 161 patients enrolled in the KSPHO registry by 20 hospitals were assigned at diagnosis to receive single or tandem HDCT/ASCR (70 and 71 patients, respectively) as consolidation therapy after induction therapy. While some hospitals adopted one of the two (single or tandem, 6 and 8 hospitals, respectively) strategies, 6 hospitals adopted both strategies according to the status of patients at diagnosis or the study period. Table 2 lists the clinical and biological characteristics of the patients. Although a higher proportion of patients had bone metastasis in the tandem group compared to the single group, no other significant differences were observed for a variety of clinical and biological characteristics between the single and tandem group.
Induction treatment
The CEDC regimen was most commonly used in both the single and tandem groups (Table 1 ). Gross total removal was possible in about half of the patients (51.7% and 47.9% in single and tandem group, respectively, P=NS). Local radiotherapy was given to a greater proportion of patients in the tandem group than in the single group (74.6% and 54.3% in single and tandem group, respectively, P=0.012). A similar proportion of patients in both groups were in the CR or VGPR categories prior to the HDCT/ASCR (73.7% and 74.6%, in single and tandem group, respectively, P=NS). Fig.  1 shows the flow of patients from diagnosis through the tandem HDCT/ASCR. During induction treatment, 6 progressions, 1 TRM and 1 renal insufficiency occurred, and the parents of 5 patients refused to proceed to the scheduled HDCT/ ASCR in the single group. In the tandem group, 3 progressions occurred prior to HDCT/ASCR and the parents of 2 patients refused to proceed to the scheduled HDCT/ASCR. 
HDCT/ASCR
Fifty-seven (81.4%) out of 70 patients in the single group proceeded to the HDCT/ASCR as assigned at diagnosis. Four of them received a second HDCT because the tumor progressed after the first HDCT (n=3) or the patients were not in CR (n=1). In the tandem group, 66 (93.0%) out of 71 patients proceeded to the first HDCT/ASCR as assigned at diagnosis, however, 7 of them could not proceed to the second HDCT/ASCR due to tumor progression after first HDCT (n=1), TRM during the first HDCT (n=2), refusal by parents (n=3) and an insufficient number of stem cells for rescue in the second HDCT (n=1). Therefore, 59 (83.1%) out of 71 patients in the tandem group received the tandem HDCT/ ASCR as assigned at diagnosis. Interim conventional chemotherapy was given between the first and second HDCT in 6 patients because they were in PR after the first HDCT. A total of 123 patients underwent at least one HDCT/ASCR and 63 patients underwent tandem HDCT/ASCR.
The CEM regimen in the single group and the CEC regimen in the tandem group were most commonly used for the first HDCT (Table 1) . TM-TBI and BM regimens were most frequently used for the second HDCT. Total body irradiation (TBI) was included in the HDCT regimen in a significantly higher proportion of patients in the tandem group than in the single group (63.6% vs. 29.8%, P<0.001). In the tandem group, the TBI was administered as a part of the HDCT/ASCR in 38 (15 in the first and 23 in the second HDCT) out of 59 patients who completed the tandem HDCT/ASCR, but not in the remaining 21 patients. In the tandem HDCT/ASCR, the median interval from the first infusion of stem cells to the initiation of the second HDCT was 90 days (range 43-261) and the interval was less than 120 days in 81.4% of the patients. When the patients who received interim chemotherapy between the first and second HDCT were excluded from the analyses, the median interval was 86 days (range 43-173) and the interval was less than 120 days in 90.6% of the patients.
A median of 3. /L was 11 days (range 8-27) and 34 days (range 17-417), respectively. When the analysis was confined to only those patients who received tandem transplantation, the platelet recovery was significantly delayed after the second transplantation compared to the first (median 23 days versus 34 days, P=0.003).
A total of 11 (8.9%) TRMs (9 in single group and 2 in tandem group) were noted during the first HDCT/ASCR and were attributed to viral pneumonia (n=4), pulmonary hemorrhage (n=3), sepsis (n=2), hepatic veno-occlusive disease (VOD) (n=1), and an unknown cause (n=1). A total of 6 (9.5 %) TRMs were noted during the second HDCT/ASCR and were attributed to VOD (n=3), myocarditis (n=1), acute renal failure (n=1), and sepsis (n=1). Five of the 6 TRMs during the second HDCT occurred in patients who received TBI. While all 5 TRMs occurred in 15 patients who received TBI during the first HDCT, there was no TRM among the 23 patients who received TBI during the second HDCT (P= 0.006). Thyroid cancer developed in one patient in the tandem group; however, this patient received only the first HDCT/ ASCR and did not proceed to the second HDCT/ASCR due to parental fear of toxicity and death. Otherwise, there were no other secondary malignancies observed in the present study.
Survival of patients
The median follow-up duration of all living patients was 56 months (range 24-88) from diagnosis. The tumor relapsed or progressed in 36 out of 70 patients and 10 TRMs occurred in the single group. The remaining 24 patients remained event free with a median follow-up of 68 months (range 24-85) from diagnosis. For the tandem group, the tumor relapsed or progressed in 25 out of 71 patients and 8 TRMs occurred. The remaining 38 patients remained event free with a median follow-up of 41 months (range 28-88) from diagnosis. When the survival rate was analyzed according to intent-totreat at diagnosis, the probability of 5-yr EFS after diagnosis was higher in the tandem group than in the single group (51.2%±12.4% vs. 31.3%±11.5%, P=0.030, Fig. 2A ). When the analysis was confined to the 123 patients who proceeded to HDCT/ASCR as assigned at diagnosis (57 single and 66 tandem), the probability of 5-yr RFS after the first HDCT was higher in the tandem group than in the single group with borderline significance (59.1%±13.5% vs.41.6%±14.5%, P=0.099, Fig. 2B ). However, the difference became significant when the analysis was confined to only patients who were not in CR prior to the first HDCT (55.7%±17.0% vs. 0%, P=0.012, Fig. 2C ). The probability of RFS after the tandem HDCT was significantly higher in the TBI group than in non-TBI group (70.5%±16.6% vs. 47.4%±23.1%, P=0.049) although the TRM rate was slightly higher in the TBI group than in the non-TBI group (5/38 vs. 1/21, P=NS). Multivariate analyses including the prognostic factors at diagnosis for EFS revealed that tandem HDCT /ASCR treatment was the only independent favorable prognostic factor associated with the EFS (hazard ratio 0.16, 95% confidence interval 0.03-0.91, P=0.039; Table 3 ).
DISCUSSION
Although the strategy of using HDCT/ASCR has improved the survival of patients with high-risk neuroblastoma, the survival rate after a single HDCT/ASCR has been unsatisfactory (2-5). Therefore, investigators have examined the efficacy of tandem HDCT/ASCR to further improve the outcome of high-risk neuroblastoma patients, and have shown that tandem HDCT/ASCR is a feasible approach which might result in further improvements in the survival of high-risk neurob- 
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Months from first HDCT Fig. 2 . Results of the Kaplan-Meier analysis. (A) When the survival rate was analyzed according to intent-to-treat at diagnosis, the probability of the 5-yr EFS after diagnosis was higher in the tandem group than in the single group (51.2±12.4% vs. 31.3±11.5%,
P=0.030). (B)
When the analysis was confined to 123 patients who proceeded to HDCT/ASCR as assigned at diagnosis, the probability of 5-yr RFS after the first HDCT was higher in the tandem group than in the single group with borderline significance (59.7±13.5% vs. 41.6±14.5%, P=0.099). (C) However, the difference became significant when the analysis was confined to only patients who were not in CR prior to the first HDCT (55.7±17.0% vs. 0%,
P=0.012).
A C B lastoma patients (7) (8) (9) . However, no study has compared the efficacy of single with tandem HDCT/ASCR for the treatment of high-risk neuroblastoma. Therefore, the present study retrospectively compared the efficacy of single and tandem HDCT/ASCR. The results showed that the tandem HDCT/ ASCR strategy is significantly better than single HDCT/ ASCR strategy for improved survival of patients with highrisk neuroblastoma. The survival rate in the tandem group, in the present study, was similar to other prior studies that have reported on the tandem double and tandem triple HDCT/ ASCR strategies (7) (8) (9) . In the present study, the number of cases with tumor progression prior to the first HDCT/ASCR, and the number of TRM during the first HDCT were higher in the single group than in the tandem group. These findings suggest that the quality of medical treatment might not have been the same for the single and tandem groups. These findings might have affected the outcome of the patients (worse EFS in the single group) and create doubt as to whether the tandem HDCT/ ASCR itself resulted in a better outcome compared to the single HDCT/ASCR in the present study. However, when the analysis was confined to the patients that successfully preceded to HDCT/ASCR, as assigned at diagnosis, the probability of the 5-yr RFS, after the first HDCT, was still higher in the tandem group than in the single group, particularly in the patients who were not in CR prior to the first HDCT. Taken together, these findings suggest that the tandem HDC T/ASCR strategy can provide better outcomes in patients with high-risk neuroblastoma than single HDCT/ASCR strategy.
While neutrophil recovery after the second HDCT/ASCR was as rapid as after the first HDCT/ASCR, the platelet recovery was significantly delayed after the second HDCT/ASCR compared to the first HDCT/ASCR. However, this was not clinically significant. A total of 6 TRMs were noted during the second HDCT/ASCR in the tandem group. However, this TRM rate might be acceptable considering that the tumor relapsed in 19 patients even after the tandem HDCT/ASCR. Taken together, these findings suggest that the tandem HD CT/ASCR strategy can provide better outcomes than single HDCT/ASCR strategy despite the additional toxicity risks during the second HDCT/ASCR.
TBI was administered as a part of the HDCT/ASCR in 38 out of 59 patients who completed the tandem HDCT, but not in the remaining 21 patients. The probability of RFS after the tandem HDCT was significantly higher in the TBI group compared to the non-TBI group, although the TRM rate during the second HDCT/ASCR was slightly higher in the TBI group than in the non-TBI group. Of note is that there was no TRM during the second HDCT in the patients who received TBI during the second HDCT. All TRMs during the second HDCT in the TBI group occurred in patients who received TBI during the first HDCT. These findings are consistent with the findings in the report by Sung et al (8) . They reported that TBI during the first HDCT/ASCR was significantly associated with a higher TRM rate in the second HDCT; they recommended that TBI should be included in the second HDCT/ASCR if TBI is to be included in the tandem HDCT regimen. Taken together, administration of TBI was associated with a higher RFS despite the high TRM rate, and TBI might improve the EFS if TBI is included in the second HDCT/ASCR.
Intensive tandem HDCT/ASCR and radiation therapy (particularly TBI) may improve the survival of patients with highrisk neuroblastoma, but may also increase the frequency and severity of long-term side effects such as a secondary malignancy (11) (12) (13) . Although no secondary malignancy developed in the patients who completed the tandem HDCT/ASCR, a longer follow-up will be needed to consider this possibility. The optimal combination of regimens for the tandem HDCT has yet to be determined. Further study will be needed to reduce the TRM rate during the second HDCT/ASCR as well as the long-term side effects whilst maintaining or reducing the relapse rate after intensive tandem HDCT/ASCR.
In summary, the results of the present retrospective study demonstrated that the tandem HDCT/ASCR strategy is significantly better than the single HDCT/ASCR strategy in Table 3 . Multivariate analyses including the prognostic factors at diagnosis for EFS Parameters terms of survival for the treatment of patients with high-risk neuroblastoma, particularly when the patient is not in CR prior to the HDCT/ASCR. A randomized prospective study will be needed in the future to explore the safety and efficacy of tandem HDCT/ASCR compared to single HDCT/ASCR, and to confirm our findings.
